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ABSTRACT
In recent years in the United States there has been a rapid expansion in anthropogenic
sources of sediment in streams including construction, agriculture, and drilling for natural gas.
Potential effects land disturbance associated with activities from natural gas development on
aquatic biota in surrounding streams have not yet been well documented. An increase in
inorganic sediment in streams can be detrimental to organisms through a variety of mechanisms
including alteration of dominant substrate type, higher turbidity resulting in lower visibility, and
burial of food resources such as algae and detritus. Increasing sedimentation in stream
environments through anthropogenic disturbance is a widespread problem, but few studies
examine sediment effects on biological interactions and processes. I had two main objectives,
which were 1) to investigate whether abundances of crayfish, an important stream organism,
were correlated to natural gas well density or other natural gas related variables in stream
catchments, and 2) to determine if sediment altered the grazer-periphyton interaction and if that
effect was dependent upon grazer type (i.e., if sediment impacted the grazer-periphyton
relationship differently between scrapers and collectors). I sampled crayfish in streams draining
catchments with differing well activity to address the first research objective. A negative
correlation existed between the predictor variables of the number of gas wells and the density of
unpaved roads and the response variable of crayfish abundance suggesting further research
examining potential natural gas activity impacts on crayfish populations may be important to
avoid negative impacts of gas drilling on crayfish. Greenhouse experimental streams were
employed to address the second objective and I found that increasing sediment affected the
grazer-periphyton interaction differently between two grazers (crayfish and snails), where
crayfish under high sediment levels provided a marginally significant net benefit to algal

biomass. In contrast, snails under high sediment conditions caused a statistically significant
decline in algal biomass. This result suggests that sediment effects on grazer-periphyton
interactions will depend on the grazer species and future studies could examine impacts on insect
grazers that may be more sensitive to sedimentation.
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INTRODUCTION
This thesis explores the potential effects land disturbance associated with activities from
natural gas development on grazing stream invertebrates, and the potential effects of natural gas
drilling via increased sedimentation on grazer-periphyton interactions. Drilling for natural gas
has rapidly expanded in the United States (US) over the last decade and has potential ecological
consequences that may not be yet fully realized. The number of producing wells in the US has
increased 1.5 times from 2000 to 2011 (US EIA 2013). Natural gas drilling in the Fayetteville
Shale often takes place near streams, and the potential impacts to surface waters as outlined in
Entrekin et al. (2011) include increased sedimentation (Williams et al. 2008) and turbidity,
potential contamination by hydraulic fracturing fluids or produced waters, and alteration of
stream flow due to local water withdrawals. Chapter one of this thesis looks at the relationships
between the density of crayfish, an important stream grazer, and natural gas activity measures as
well as other landscape- and local-scale variables. Chapter two investigates how a documented
natural gas activity impact on streams, increasing sedimentation (Williams et al. 2008), may
affect the grazer-periphyton interaction within streams.
Crayfish have been shown to account for nearly half the invertebrate production in
streams (Momot 1995) and can function as “ecological engineers” by significantly redistributing
stream substrates (Statzner et al. 2000, Statzner et al. 2003). Thus, crayfish play important roles
in stream ecosystems and any alteration in the environment that negatively impact crayfish
abundances will further impact stream food webs and substrate structures. Crayfish have been
shown to change in relation to land use, but these changes are species and land use specific and
sometimes counter-intuitive. In research conducted by Simon and Morris (2000) in Indiana,
crayfish species from five different genera (Cambarus, Orconectes, Procambarus,
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Fallicambarus, and Palaemonetes) all declined significantly with an increase in commercial land
use development. Crayfish from the Cambarus genera declined with increases in residential
development, but tolerated increases in agricultural land use. One unexpected result was that one
crayfish species, Palaemonetes kadiakensis actually increased in relative abundance as
agricultural land use increased, though a potential explanation for this is not given. This study
also documented tolerance levels of crayfish to many aromatic hydrocarbons (e.g. naphthalene
and perylene) and metals (e.g. manganese and strontium). The effects of these chemicals on
crayfish is of particular interest when considering the effects of natural gas drilling, as many of
the chemicals in hydraulic fracturing fluid are aromatic hydrocarbons (US House of
Representatives Committee on Energy and Commerce 2011), and metals are often found in the
waters produced from drilling (Entrekin et al. 2011). Any of these could be mechanisms by
which crayfish populations may be negatively impacted, which could alter stream properties via
aforementioned means. Further, natural gas drilling has been shown to increase the amount of
fine sediments coming off of gas pads and running into the stream (Williams et al. 2008), which
can impact stream organisms in other detrimental ways.
Increasing sedimentation in streams has been cited as the number one threat to surface
waters by the US EPA (2006). An increase in the amount of fine sediments that compose the
substrate in gravel bed streams has been shown to negatively impact organisms at all trophic
levels, including deleterious effects to algae via blocking sunlight (Waters 1995, Steinman 1996,
Wood and Armitage 1997, Izagirre et al. 2009), burial creating anoxic conditions (Peterson
1996), and increased scour during high flow events (Newcombe and MacDonald 1991,
Francoeur and Biggs 2006). Similarly, an increase in fine sediments negatively affects primary
consumers such as macroinvertebrate and fish grazers through mechanisms of reduction in food
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quality (Sloane-Richey et al. 1981, Cline and Short 1982), loss of interstitial spaces used for
shelter (Richards and Bacon 1994, Gayraud and Philippe 2003, Bo et al. 2007) and egg laying
surfaces (Berkman and Rabeni 1987). While the negative effects on these organisms have been
studied independently, it is not as well understood how increasing sediment may interact with the
process of grazers consuming algae. The process of grazing has been shown to have measured,
predictable impacts on algal production and composition, generally reducing overall periphyton
biomass, increasing biomass specific productivity, and shifting the community physiognomy
towards smaller algal growth forms, as the taller forms are grazed directly or dislodged by
grazers indirectly (Steinman 1996). While the impacts of sediment and grazing on algal biomass
have been studied independent of one another, few studies have investigated how a variable like
increasing sediment may affect the established grazer-periphyton interaction.
The goal of this thesis was to first establish if there were any observed relationships
between the density of crayfish, a dominant stream grazer, and landscape-scale variables that
might be associated with increased sediment loads to streams, such as agricultural land use or
natural gas activity. Then, I wanted to determine how increased sedimentation may alter the
grazer-periphyton interaction. Deleterious impacts of sediments in streams, can impact multiple
trophic levels and their interactions at once, and therefore understanding these processes is
essential to fully understand the way threats like increasing sedimentation will impact the whole
stream. This paper seeks to add to that body of knowledge by linking how natural gas and other
anthropogenic practices that contribute sediments to streams may be impacting the density of an
important stream grazer and altering the interaction between grazers and their periphyton food
source.
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CHAPTER 1

The Potential Influences of Land Use on Crayfish Density
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ABSTRACT
Crayfish are an integral part of stream food webs, acting as carnivores, grazers, and
detritivores. In addition, they often compose the majority of macroinvertebrate biomass and are
major contributors to secondary production as prey for many species of fish. Crayfish
abundance can be related to landscape and local habitat factors and anthropogenic land use
change, such as increasing natural gas activity, in catchments may reduce abundance by
increasing fine sediment in streams. This study, conducted spring 2012, examined the
relationship between catchment natural gas activity and other landscape and local variables on
stream crayfish densities. Crayfish densities were quantified in ten streams draining catchments
with a range of natural gas wells (0.0-3.0 wells km-2). I hypothesized that crayfish densities
would be lower in streams with higher densities of natural gas wells in their catchments.
Catchment and in-stream variables were examined using multiple linear regression analysis and
the best fit model for each was selected using Akaike Information Criteria. While no in-stream
variable models had significant effects on crayfish density, it was determined that crayfish
density was significantly related to a combination of catchment variables. The best fit model of
catchment variables included the average density of unpaved roads, the runoff distances from the
wells to the stream (flow inverse path), and the percent of urban and pasture land (R2=0.8327;
p=0.0096). This study is the first to document a negative relationship between natural gas
drilling activity and crayfish densities. While this study was limited to one sampling season, it
suggests that continued monitoring of the effects of natural gas drilling on crayfish populations is
warranted. Studies should also endeavor to determine what specific factors of gas drilling may
be negatively impacting crayfish.
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INTRODUCTION
Natural gas is an important transition fuel between traditional petroleum and cleaner
energy sources, but until recently it has been locked in shale formations and was too difficult and
expensive to access. However, a combination of recent advances in hydraulic fracturing, or
“fracking”, and favorable legislation like the “Halliburton Loophole” have made natural gas
more accessible and less expensive to extract. Hydraulic fracturing involves the building of
infrastructure to access the drilling sites, clearing off land to construct the well pad, pushing a
mix of chemicals and water under high pressure into the shale layer to fracture the rock, and
disposing of the produced waters that return from the well. Many of the environmental concerns
raised by the increase in natural gas drilling have been outlined in Entrekin et al. (2011), and
include potential threats to surface waters via contamination by the fracking fluids or produced
waters, which contain a number of potentially harmful chemicals (US House of Representatives
Committee on Energy and Commerce 2011) and heavy metals (Soeder and Kappel 2009), and
increased sedimentation from the clearing of land for roads and well pads (Williams et al. 2008).
Increased sedimentation is a problem that results from other anthropogenic disturbance such as
agriculture (Costa 1975, Lenat 1984, Clark et al. 1985, Zaimes et al. 2004) and urbanization
(Wolman 1967, Paul and Meyer 2001), and has been shown to negatively impact biota via
reduction in suitable habitat through the filling of interstitial spaces (Richards and Bacon 1994,
Gayraud and Philippe 2003, Bo et al. 2007).
Crayfish variables such as density and species diversity can be related to stream
catchment as well as to local environmental variables. Relationships to catchment variables
include positive relations with forested or suitable riparian buffer (Page and Mottesi 1995).
Studies that have found relationships between crayfish and catchment-scale land use have
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suggested that one of the primary mechanisms for the land-use effect on crayfish abundance
were associated changes in the substrate composition (Page and Mottesi 1995, Taylor et al. 1996,
Butler et al. 2003, Ngulo and Grubbs 2010). Several crayfish species have been found to prefer
or to have positive associations with habitat variables such as availability of pebble, cobble, and
boulder substrates (Bovbjerg 1970, Bouchard and Robinson 1980, Mitchell and Smock 1991,
Hill and Lodge 1994, Kershner and Lodge 1995, Riggert et al. 1999, Flinders and Magoulick
2005, Westhoff et al. 2006). Many studies associate this preference for larger substrates with
predator avoidance (Stein and Magnuson 1976, Stein 1977, Hill and Lodge 1994, Kershner and
Lodge 1995). If land-use change in a streams watershed leads to increasing fine sedimentation
(Williams et al. 2008, Entrekin et al. 2011), then it has the potential to negatively impact crayfish
abundances by filling interstitial spaces.
Negative impacts of natural gas activity in catchments on crayfish populations could alter
many aspects of the stream ecosystem. Crayfish have been called both a keystone species, for
their role in stream food webs, as well as ecosystem engineers for the way they impact the
structure of the streambed. Studies examining the role of crayfish in food webs have determined
that they serve many functional roles. Momot et al. (1978) explored the role of crayfish in lake
food webs, and concluded that crayfish were key energy transformers between the trophic links
and that their functional importance exceeds their biomass dominance, which is one definition of
a keystone species (Paine 1995). His study found that in their systems, crayfish served roles as
primary consumers, primary carnivores, and decomposers. Momot also found that in their
system crayfish served roles as primary consumers, primary carnivores, and decomposers. These
findings are similar to those in a study by Whiteledge and Rabeni (1997), which found that
crayfishes in the Jacks Fork River (in the Ozarks) have myriad functional roles in the tropic
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system and have the potential to significantly affect the production and biomass of lower tropic
levels. They concluded that crayfish play important roles as predators, shredders, and algal
grazers, often consuming more of these food resources (animal matter, CPOM, and benthic
algae, respectively) annually than that estimated to be consumed by all other benthic
invertebrates. In addition to the role of crayfish in the food web, crayfish can restructure their
habitat in search for food, by means such as macrophyte reduction or removal and sediment
disturbance (Momot 1995). This ability of crayfish to restructure their environment has led to
other scientists deeming them ecosystem engineers (Statzner et al. 2000, Statzner et al. 2003,
Helms and Creed 2005) for their ability to change the structure of the benthic environment by
removal of filamentous algae (Creed 1994, Nystrom 1999) and macrophytes (Momot 1995,
Nystrom 1999), as well as their ability to redistribute sediments on stream beds. Statzner et al.
(2000) found that crayfish significantly affected the form of the substrate in artificial streams by
causing increased bedform roughness in riffles, and decreased sand in gravel interstitial spaces in
riffles.
Research on whether land use change associated with natural gas drilling and other
human activities is affecting crayfish populations is especially important in Arkansas, as it has
one of the highest crayfish diversities in the U.S. (Bouchard and Robinson 1980, Hobbs 1988)
and natural gas drilling has been substantially increasing over the past few years (Entrekin et al
2011). The purpose of this study was to determine if crayfish abundance was related to land use
measures, particularly natural gas activity metrics, in the streams of north central Arkansas. I
hypothesized that if land use changes associated with increasing natural gas wells (NGWs) were
negatively impacting streams, then streams with a higher density of NGWs in their catchment
will have lower crayfish densities than streams with a low density of NGWs in their catchment.
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METHODS
Study Design
Ten study stream reaches approximately 200 meters long were selected that had differing
NGW densities in their respective catchments ranging from 0.3 to 3.0 wells/km2. These study
reaches were in low order, gravel bed streams located across north central Arkansas. The ten
streams are part of four different drainages (Figure 1). Data on well densities and locations
within each catchment were collected from the Arkansas Oil and Gas Commission. Inverse flow
path lengths were calculated by The Nature Conservancy and the process is detailed in Entrekin
et al. 2011. In summary, the inverse flow path lengths are defined as the flow distances from the
well pads to the stream channels. Because the area around many of these streams contains
elevated topography, an attempt was made to account for this and define the actual distance that
the water would travel, rather than assuming a straight path. Well pads that had a shorter flow
distance to the streams were given a higher impact value. The gas well point data used to
calculate the flow inverse path lengths were obtained from the Arkansas Oil and Gas
Commission and were based on data current as of March 28, 2012. Land use, classified as
forest, urban and pasture, in each catchment was quantified based on 2009 aerial photography
(Gorham and Tullis USGS).
Habitat Metrics
Habitat metrics were collected in each stream along a 200m delineated section. Every
10m of stream length, the substrate was categorized every 0.5m across the stream width into
bedrock, silt, sand, pebble, gravel, cobble, and boulder. Percent of the stream that was covered
by tree canopy was also estimated and core samples were taken from within the pools and riffles
of each delineated reach of the streams by collecting all the course benthic organic matter
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(CBOM) from within a cylinder of a known area and then disturbing the substrate within the
cylinder and collecting a water sample from within to determine the average amount of fine
benthic organic matter (FBOM). All of this work was completed by professors and students at
the University of Central Arkansas and the University of Arkansas as a part of a large scale study
on the effects of NGWs on streams.
Crayfish Collection
In May 2012, ten streams were sampled for crayfish in north-central Arkansas. In each
stream, five riffles were sampled for crayfish. Each riffle was sampled in six different,
haphazardly selected locations using a 0.485m2 pvc quadrat which was placed upstream of a
500µm mesh kicknet. The area in the quadrat was vigorously disturbed with a hand rake for 1
minute to dislodge any crayfish. After the area was disturbed, the net was brought forward
through the disturbed area and the contents of the net were examined for crayfish.
Crayfish were removed from the net, sorted into similar groups and identified on site
using Pflieger and Dryden (1996). Each individual was sexed, and its carapace length was
measured. If available, one form I male from each group was preserved in 80% isopropyl
alcohol and returned to the lab to confirm the identification.
Statistical analysis
In this study there were many potential predictor variables, including in-stream variables
and landscape level variables that may have influenced the one response variable of crayfish
density (crayfish/m2). A principle component analysis (PCA) was used to rank in-stream and
landscape level predictor variables in order to eliminate variables with lower explanatory power.
The top three variables were chosen from both in-stream and landscape level predictor variables
and examined against each other to check for and eliminate variables that were collinear. If two
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variables were collinear, the variable with lower explanatory power was not included in the
model selection process. The model selection was accomplished using the Akaike Information
Criteria (AIC) method. All statistical analyses were conducted using SAS statistical software
(version 9.2, SAS Institute, Cary, NC).
RESULTS
The resulting top three landscape level predictor variables from the PCA (Table 1) were
the density of unpaved roads (r2=0.445), total wells (r2=0.358), and flow inverse path (r2=0.281).
While total wells (Figure 2A) had a marginally significant effect on crayfish density (p=0.068), it
was not included in the AIC model selection because it was significantly correlated with the
density of unpaved roads (Figure 2D). The best fit model, as determined using AIC (Table 2)
included the independent variables density of unpaved roads (Figure 2C) and flow inverse path
(Figure 2B).
The resulting top three in-stream predictor variables from the PCA (Table 1) were
percent pebble substrate (r2=0.191), average amount of fine benthic organic matter (r2=0.105),
and average amount of course benthic organic matter (r2=0.077). None of the variables
independently had a significant relationship with crayfish density (Figures 3A-3C), and there
was no statistically significant best fit model resulting from the AIC selection process (Table 3).
DISCUSSION
This is the first study, to my knowledge, to examine potential relationships between land
use activities related to natural gas drilling by hydraulic fracturing and crayfish, even though this
process poses potential threats to surrounding stream biota (Entrekin et al. 2011). I hypothesized
that streams that had a higher density of natural gas wells within their catchments would have
lower crayfish densities. A negative relationship was found between a combination of some
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natural gas and land use-related variables and crayfish density censused during one season in ten
north central Arkansas streams.
Crayfish have been shown to be affected by changes in land use, primarily through
changes in substrate composition (Page and Mottesi 1995, Ngulo and Grubbs 2010). Other
studies have reinforced the notion that substrate composition impacts crayfish abundance and
distribution, where crayfish often prefer or are correlated with increases in pebble, gravel, and
cobble substrates (Bovbjerg 1970, Bouchard and Robinson 1980, Mitchell and Smock 1991, Hill
and Lodge 1994, Kershner and Lodge 1995, Riggert et al. 1999, Flinders and Magoulick 2005,
Westhoff et al. 2006). Due to these known effects, the crayfish density data in this study were
examined against variations in in-stream habitat metrics to determine whether or not any of them
significantly explained the observed variation in crayfish abundance. A principle component
analysis (PCA) revealed the top three in-stream variables potentially influencing crayfish
densities to be the percent pebble substrate, and the average amount of FBOM and CBOM,
respectively. However, after using AIC model selection, no significant combinations of these
predictor variables were significant (Table 3; Figures 3A-3C). It is important to note that the
studies that have found relationships between substrate types and crayfish distribution have
varied in the number of streams or lakes sampled, ranging from three sites with multiple
sampling dates (Mitchell and Smock 1991) to 65 sites in 54 streams sampled two consecutive
years (Flinders and Magoulick 2005), and that this study is at the low end of necessary samples
and therefore explanatory power may be limited. In order for this result to be more thoroughly
evaluated, more streams and sampling sites should be included. However for this study, once it
had been determined that no in-stream habitat variables were affecting crayfish abundances,
landscape level variables could then be examined for any potential impacts.
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The landscape level variables examined for their potential impacts on crayfish densities
included natural gas related variables like the density of unpaved roads (which significantly
increases with total wells; Figure 2D) and the flow inverse path (Figure 2B). Crayfish did have a
significant negative relationship with the density of unpaved roads (Figure 2C), but no other
relationships were statistically significant. When the variables were combined and a model was
selected using AIC, it was determined that the combination of variables that had the most
significant impact on crayfish density was density of unpaved roads*flow inverse path (Table 2).
While it is clear that these natural gas related variables (density of unpaved roads and flow
inverse path) have a negative relationship with crayfish densities, the exact mechanisms
underlying this relationship cannot be determined with this study. Unlike the studies mentioned
previously, this negative relationship between landscape factors and crayfish density to not
appear to be due to changes in in-stream variables like substrate composition, but again the
power of this study is low due to limited sample sites and a large number of explanatory
variables. It is also important to note that a previous study in these streams (Entrekin et al. 2011)
did observe an increase in suspended sediments with gas well activity at these same study sites,
which could lead to substrate changes and in turn further affect crayfish abundances. It is
tempting to speculate that there may be a release of some chemical or heavy metal in these
streams with higher total wells (highly correlated with unpaved roads; Figure 2D) which may be
negatively impacting crayfish densities, as crayfish have been shown to negatively respond to
increases in mercury and other heavy metals (Ramo et al. 1987, Simon and Morris 2009), but
further water quality testing and comparative analysis would be needed to draw such
conclusions. Another possibility could be that the land use changes related to gas well activity is
impairing or shifting the algal or macroinvertebrate densities, thereby causing a bottom –up
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effect on crayfish by negatively impacting their primary food resources. As stated previously,
crayfish have a diverse diet and have been found to consume large amounts of detritus, animal
matter, and algae (Momot 1978, Whitledge and Rabeni 1997). While there was no significant
relationship between CBOM and crayfish densities (Figure 3C), there may have been undetected
relationships between land use changes related to natural gas drilling and macroinvertebrate
densities or algal biomass, which could be causing the decline in crayfish densities, but a more
direct study would need to be conducted to determine if there is a causal relationship between
these variables.
This study has been the first to document a negative relationship between variables
related to natural gas drilling on crayfish, but the study was limited by having only one sampling
season and few study streams. Further, correlation does not equal causation. However, this
study highlights, the importance for further study and monitoring the effects of natural gas
drilling on the surrounding surface waters and their biota. Natural gas may be a useful energy to
reduce dependence on foreign oil and serve as a cleaner burning alternative to coal and oil, but it
needs to be mined in a manner that is ecologically responsible.
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Table 1: Catchment and in-stream variables and their respective means and ranges. See Figure 1 for location of the
streams used.
Catchment variable

Mean

Density of Unpaved Roads (m/km2)

839.1

Range

In-stream variable
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Mean

Range

8.7

2.8-16.7

Fine Benthic Organic Matter (g)

645.1

214.1-1510.1

Coarse Benthic Organic Matter (g)

44.0

0.6-205.3

567.7-1307.1 % Pebble Substrate

Total Well Density (#/km2)

1.3

0.3-3.0

Flow Inverse Path

1.45

0.03-5.24

Table 2: Models of the effects of catchment variables on crayfish density from a multiple linear regression using
Akaike Information Criteria.

22

Model

Adj. R2

AIC

Unpaved Roads*Flow Inverse Path

0.6055

4.9449

Unpaved Roads

0.3757

8.8701

Flow Inverse Path

0.1907

11.4646

Table 3: Models of the effects of in-stream variables on crayfish density from a multiple linear regression
using Akaike Information Criteria.

Adj. R2

AIC

% Pebble substrate

0.1907

12.6430

% Pebble substrate*CBOM

0.2392

14.0243

FBOM

0.1048

13.6516

% Pebble*FBOM

0.2139

14.3518

CBOM

0.0770

13.9570

FBOM*CBOM

0.1791

14.7844

% Pebble*FBOM*CBOM

0.2658

15.6685
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Model

24
Figure 1: The streams sampled and their respective drainages. The streams that were sampled in this
study are marked with a star. Map courtesy of Loren Stearman.
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Figure 2: Relationships between the density of unpaved roads within the
catchment and crayfish density (A), total well density and crayfish density (B),
average inverse distance between the wells and the streams (Flow Inverse Path)
and crayfish density (C), and density of unpaved roads and total well density.
Linear regression equations, correlation coefficients (R2), and probability (p)
values are reported for relationships where p<0.05.
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Figure 3: Relationships between average percent pebble substrate and crayfish density
(A), average mass of fine benthic organic matter (g) in the stream and crayfish density
(B), and average mass of course benthic organic matter (g) in stream and crayfish
density (C). Linear regression equations, correlation coefficients (R2), and probability
(p) values are reported for relationships where p<0.05.
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CHAPTER 2

The Interacting Effects of Grazing and Increased Sedimentation on Algal Biomass
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ABSTRACT
Increasing sedimentation is one of the main factors leading to reduced biological
condition of US streams and can directly negatively impact stream periphyton via reduction of
light and habitat availability. It can also indirectly affect periphyton by altering the interaction
between grazers and periphytic algae, but few have examined this relationship. This study
examined whether increasing sediment affects grazer-periphyton interactions using two common
grazing species, the crayfish (Orconectes palmeri) and the snail (Elimia sp.), which have both
been shown to reduce periphyton biomass in the absence of sedimentation. I hypothesized that
sediment would have a negative effect on periphyton biomass and limit snail grazing more than
crayfish grazing due to the snails smaller size and feeding mode (scraping) as opposed to the
crayfishes larger body size and feeding mode (collecting). Therefore, crayfish grazing would
increase chlorophyll a (chl a) by providing a net benefit to shorter algal growth forms via a
reduction in cobble sediments. I expected snail grazing would have no effect on cobble
sediments and periphyton biomass.

To test this, I conducted two, 4-wk experimental stream

sediment (low sediment [LS]=100g/m2; intermediate sediment=1000g/m2; and high
sediment=5000g/m2) and grazer (Orconectes palmeri present or absent, and Elmia sp. present or
absent) manipulations. In both experiments, periphyton biomass was stimulated by benthic
sediment addition and the presence of grazers reduced both the amount of sediment on the
cobbles collected (p<0.0001 for both) and the amount of loosely-attached filamentous algal
biomass (crayfish, p<0.0001; snails, p<0.0126); however, the presence of crayfish increased the
amount of periphytic chl a under all sediment conditions, whereas in the snail grazing
experiments, the presence of snails decreased the amount of chl a under all sediment conditions.
This result suggests that grazing by crayfish facilitated the growth of smaller growth forms of
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algae, whereas snail grazing removed even these growth forms. This is the first experiment to
my knowledge to indicate that sediment effects on stream periphyton may depend on the
dominant benthic grazing species present.
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INTRODUCTION
Streams are important freshwater ecosystems that are becoming increasingly imperiled by
anthropogenic disturbances such as eutrophication (Smith 2003), changes in stream morphology
due to channelization (Lau et al. 2006, Smiley and Dibble 2008), and increasing sedimentation
(Waters 1995, USEPA 2006). Sedimentation can be defined as an increase in small size fraction
particles, organic and inorganic, in aquatic ecosystems. Increased sedimentation was recently
listed by the United States Environmental Protection Agency (USEPA) as the number one
contaminant of wadeable United States (U.S.) streams (USEPA 2006). Traditionally, the main
sources of sediment have been cited as row-crop agriculture (Costa 1975, Lenat 1984, Clark et
al. 1985, Zaimes et al. 2004), livestock grazing (Platts 1979, Zaimes et al. 2004), forestry (Tebo
1955, Bormann et. al. 1974, Beschta 1978, Kreutzweiser and Capell 2001), mining (Wagener
and LaPerriere 1985, James 1989) and urban development (Wolman and Schick 1967, Jones and
Holmes 1985, Paul and Meyer 2001, Walters et al. 2003). As the human population continues to
increase, land use modification will likely increase sediment contamination in streams.
Manipulative studies examining the impacts of this increasing sediment on biota and their
interactions are needed to fully understand the consequences of sedimentation in stream
ecosystems. Sedimentation has been shown to have negative effects on algae and periphyton,
which is a community of heterotrophic microbes and algae within a polysaccharide matrix
growing on surfaces in aquatic ecosystems. This periphyton is an important basal food resource
in freshwater ecosystems.
The main effect of sedimentation, both suspended (Ellis 1936, Lloyd et al. 1987,
Newcombe and MacDonald 1991, Steinman 1996, Wood and Armitage 1997, Yamada and
Nakamura 2002) and benthic sediment (Waters 1995, Steinman 1996, Wood and Armitage 1997,
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Izagirre et al. 2009), on algae comes from the reduction of light for photosynthesis. Suspended
sediment can also scour algae from the substrate (Newcombe and MacDonald 1991, Francoeur
and Biggs 2006). Sedimentation can also cause decreases in overall periphyton biomass due to
scour by sediment during high flow events (Horner et al. 1990, Blenkinsopp and Lock 1994).
Further, increases in clay particles can reduce the organic portion of periphyton by adhering to
the sticky polysaccharide matrix (Sloane-Richey et al. 1981, Graham 1990). The incorporation
of inorganic sediment particles into the organic component of periphyton may reduce periphytic
food quality for grazing stream biota (Sloane-Richey et al. 1981, Graham 1990).
The negative impact of sedimentation on grazing organisms comes not only through a
potential reduction in food quality (Sloane-Richey et al. 1981, Cline et al. 1982, Graham 1990),
but also through a variety of other mechanisms. Increasing suspended and benthic sediment can
affect respiration through gill clogging in both macroinvertebrates (Lemly 1982) and fish (Berg
and Northcote 1985, Bruton 1985, Power 1990a, Servizi and Martens 1992, Wood and Armitage
1997). Macroinvertebrates are further affected by benthic sedimentation through the loss of
habitat by filling of interstitial spaces (Richards and Bacon 1994, Gayraud and Philippe 2003, Bo
et al. 2007). The reduction in “clean” substrate by increased siltation can also affect the
spawning habitat of lithophilous fishes like the central stoneroller (Berkman and Rabeni 1987).
A reduction in grazing organisms due to factors such as sediment could impact algal
communities, as grazing by organisms have been shown to effect algal communities in various
ways.
The effect of grazing on periphyton community structure is best observed when
examining changes in physiognomy (Steinman 1996). Steinman (1996) quotes Whittaker (1975)
as defining physiognomy as the study of form and structure in natural communities. The
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physiognomy of benthic algal communities yields fairly consistent responses to grazing, with
grazing typically causing in a decrease in overstory forms of algae and an increase in understory
forms (Steinman 1996). The decrease in percent overstory has been seen using myriad grazers
including snails (Hunter 1980, Kesler 1981, Sumner and McIntire 1982, Cuker 1983, Lamberti et
al. 1987a, Steinman et al. 1987a, Lowe and Hunter 1988, Swamikanu and Hoagland 1989,
Tuchman and Stevenson 1991, Hill et al. 1992, Steinman et al. 1992, Rosemond et al. 1993),
mayfly larvae (Colletti et al. 1987, Hill and Knight 1987, Hill and Knight 1988), caddisfly larvae
(Lamberti and Resh 1983, Jacoby 1987, Steinman et al. 1987a, Hill and Knight 1988, Lamberti
et al. 1989, Feminella and Resh 1991, Katano et al. 2007), crayfish (Vaughn et al. 1993, Creed
1994), and minnows (Power and Matthews 1983, Power et al. 1985, Gelwick and Matthews
1992). The declines in overstory forms come not only through direct grazing (Hill and Knight
1987, Leiss and Hillebrand 2004), but also through dislodgement as grazers move through the
periphyton matrix (Hill and Knight 1987, Hill and Knight 1988, Lamberti et al. 1989). The
increase in percent understory forms is typically relative, as the number of understory algal cells
typically declines with grazing, but they decline at a far lower rate than the overstory forms,
increasing their percent abundance (Steinman et al. 1987a, Mulholland et al. 1991, Hill et al.
1992). Understory forms may also increase with grazing as they may benefit from the removal
of overstory forms through increased nutrient and light availability (Feminella and Resh 1991,
Mulholland et al. 1991, Steinman 1996). Changes in the structural makeup of periphyton due to
grazing can lead to, or be accompanied by changes in biomass and primary production.
Periphyton biomass, like periphyton physiognomy, responds to grazing with fairly
consistent patterns (Steinman 1996). Periphyton biomass almost always declines in response to
grazing (Steinman 1996), and that pattern has again been observed using multiple grazer types
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including chironomid larvae (Power 1990b), mayfly larvae (Colletti et al. 1987, Hill and Knight
1987, Hill and Knight 1988, Scrimgrour et al. 1991, Karouna and Fuller 1992), caddisfly larvae
(Lamberti and Resh 1983, McAuliffe 1984, Jacoby 1987, Lamberti et al. 1987b, Steinman et al.
1987a, Hill and Knight 1988, Lamberti et al. 1992, Katano et al. 2007), snails (Hunter 1980,
Mulholland et al. 1983, Jacoby 1985, Steinman et al. 1987a, Lowe and Hunter 1988, Osenberg
1989, Underwood and Thomas 1990, Bronmark et al. 1991, Tuchman and Stevenson 1991, Hill
et al. 1992, Steinman 1992, Rosemond et al. 1993), shrimp (Pringle et al. 1993), tadpoles
(Lamberti et al. 1992), and fish (Power and Matthews 1983, Power et al. 1988, Gelwick and
Matthews 1992, Wootton and Oemke 1992, Huchette et al. 2000). However, overall periphyton
biomass sometimes shows no response to grazing, which could result from different reasons
including low grazer density (Colletti et al. 1987, Steinman et al. 1987b), a mismatch between
the grazer and dominant alga type (Jacoby 1987, Karouna and Fuller 1992), the algae being
resource limited (Feminella et al. 1989) or by the replacement of a large, slow-growing alga lost
through herbivory by a small, fast-growing alga (Steinman 1996). Given that grazing produces
these repeatable patterns, it is important to understand how outside factors, like increasing
sediment, may impact the way algae responds to herbivory.
Little work has been done to examine the interactions that may exist between sediment
and grazing and how those interactions may affect algal community properties and much of that
work has been done in tropical stream ecosystems. In these tropical stream ecosystems, grazing
organisms tended to remove epilithic sediment and stimulate periphyton biomass. Power
(1990a) found that the armored catfish (family Loricariidae) could reduce the rate of sediment
accumulation in moderately (~15-45mg/cm2) and highly (~20-80mg/cm2) sedimented stream
enclosures. Further, armored catfish individuals that were stocked at levels 1/6 of their natural
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density actually reduced epilithic sediment and positively affected periphyton standing crops and
productivity. Similar results were found by Pringle et al. (1993) when studying omnivorous
freshwater shrimp in Costa Rican streams. With their foraging activities, the shrimp also
removed sediment from the rocky substrate resulting in significantly higher algal biomass
relative to exclusions. Schofield et al. (2004) performed stream exclusions in temperate streams
of macroconsumers (fishes and crayfish, specifically) in which the exclusions were subjected to
experimentally increased sediment bedloads. They found that after ~30 days there was
significantly more periphytic chlorophyll a (mg/m2) in the macroconsumer exclusion treatments
than in the macroconsumer access treatments under ambient sediment conditions. In contrast,
they found that under increased sediment loads, there was no significant difference in the
periphytic chlorophyll a between the macroconsumer access and exclusions treatments. They
noted that there was not a significant difference in how often macroconsumers visited the
ambient and sedimented treatments, which suggests that the difference in the effects of
macroconsumer exclusion between these treatments was not a direct effect of macroconsumer
avoidance. They hypothesized that the difference may instead be an indirect effect related to
alterations in prey density caused by sedimentation, noting that the top-down effects on sediment
sensitive taxa were lower in the sediment treatments, whereas top-down effects on sedimenttolerant taxa were unaffected. The results of temperate and tropical studies examining sediment
effects on grazer-periphyton interactions differ, which may be partly due to differences in grazer
species types, but this hypothesis has not been addressed. Further, the existing studies do not
incorporate smaller grazing macroinvertebrates that can also have important effects on
periphyton (Lamberti et al. 1987a, Steinman et al. 1987a) and may have different responses to
increasing fine sediments.
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My objective was to determine whether increasing benthic sedimentation altered grazerperiphyton interactions and whether that effect was dependent upon grazer type. I used two
common grazing species in temperate freshwater stream ecosystems: crayfish and snails.
Crayfish grazing has previously been shown to decrease filamentous algal cover (Hart 1992,
Creed 1994) which can facilitate the growth of understory algae such as smaller diatoms (Creed
1994). Crayfish grazing has also been shown to produce an overall decline in algal biomass
(Evans-White et al. 2001). The effect of different densities of crayfish on primary production
has also been demonstrated by Flint and Goldman (1975) where they found that low intensity
crayfish grazing stimulates periphyton primary productivity, whereas at high intensities of
crayfish grazing, primary productivity decreases because production can no longer compensate
for the increased removal of algal cells. During the process of crayfish foraging, crayfish also
become effective sediment movers/removers. Crayfish can act as bioturbators by changing the
distribution of sand, gravel, and benthic organic matter in streams (Parkyn et al 1997, Statzner et
al. 2000, Angeler et al. 2001, Statzner et al. 2003, Creed and Reed 2004, Usio and Townsend
2004, Helms and Creed 2005). Crayfish often account for a significant proportion of the
biomass of macroinvertebrates (Momot et al. 1978, Rabeni 1992) and are keystone species both
as consumers and as ecosystem engineers.
Snails were chosen because they are not only abundant grazers in the south east U.S.
(Newbold et al. 1983, Richardson et al. 1988, Hill and Harvey 1990), but throughout North
America (Kehede and Wilhm 1972, Hunter 1980, Elwood et al. 1981, Mulholland et al. 1983,
Lamberti et al. 1989). Given the abundance and importance of snails not only in the U.S., but
worldwide, it is no surprise that they have been the subject of numerous grazing studies (Hunter
1980, Cuker 1983, Underwood and Thomas 1990, Tuchman and Stevenson 1991). However,
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even though snails have been the subject of myriad grazing studies, few of these studies have
examined the association between increasing sediment and snails. One study has suggested that
sedimentation increases snail (Lavigeria grandis) mortality (Donohue et al. 2003). Another
study has examined the impact of sediment on snails, finding that snails in disturbed sites with
increased sedimentation tend to ingest more material than snails (3 Lavigeria sp. and Reymondia
borei) at reference sites with lower sediment as determined by fecal matter, but that the ingested
material contains a high level of sediment suggesting a lower food quality (McIntyre et al. 2005).
While this study suggested that snails can consume more periphyton under increased sediment
conditions, it did not examine the periphyton to determine how it may respond to this increased
consumption or clearing of sediment by the snails.
I hypothesized that at low sediment levels, crayfish would exhibit the same effects that
they have previously been shown to have on algal communities, reducing both overall periphyton
biomass and filamentous algal biomass when compared to non-grazed treatments. Crayfish at
intermediate sediment levels may have effects similar to those observed from armored catfish
(Power 1990a), where crayfish grazing has a net beneficial effect on overall periphyton biomass,
but still reduces filamentous algal biomass when compared with non-grazed treatments.
Crayfish at high sediment levels may no longer be able to provide a positive effect on overall
periphyton biomass, but will still cause reductions in filamentous algal biomass when compared
with non-grazed treatments. Snails at low sediment levels may reduce overall periphyton
biomass and filamentous algal biomass when compared with non-grazed treatments. Snails at
high sediment levels may consume a higher degree of organics to compensate for lower food
quality and ingesting a high amount of sediments shown in a previous study (McIntyre et al.
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2003), which may result in either no direct benefit, or even a negative impact on algal biomass in
grazed treatments.
METHODS
Crayfish greenhouse experimental design
A greenhouse experimental stream study conducted from November 11 through
December 26, 2011, was designed to test the interacting effects of crayfish grazing and
increasing levels of sediment on periphyton. The experimental design employed a fully factorial
combination of two levels of crayfish grazing (present and absent), and three levels of sediment
(low=100 g/m2, intermediate=1000 g/m2, high=5000 g/m2) and included 30 experimental units
(recirculating streams; five replicate streams per treatment). Sediment data collected from study
streams in north central Arkansas (located in the Little Red, Point Remove, and Cadron
drainages) as part of a study to determine if natural gas wells impact stream ecosystems was used
to parameterize my greenhouse stream experiment. Mean benthic sediment levels in the study
streams ranged from 149 to 2210 g/m2 (Entrekin 2011). The sediment levels in the high
sediment treatment were chosen to represent a level higher than observed at field sites, but were
within values observed in the literature (Power 1990a, Waters 1995).
In the summer of 2011 (June 13 through June 26), crayfish were sampled from a subset
of the study streams to determine the dominant crayfish species of the area and to estimate
crayfish densities in these streams. To accomplish this, crayfish were sampled from three riffles
and three pools per stream by placing a 0.485m2 quadrat in front of a 500µm kicknet facing
upstream. The area in the quadrat was vigorously disturbed using a hand rake for one minute
and dislodged crayfish were moved into the net by the current. Crayfish were sampled three
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times per riffle and three times per pool. The crayfish were then preserved in 80% isopropyl
alcohol and returned to the lab for identification.
The crayfish Orconectes palmeri was the dominant crayfish species in four out of the five
streams sampled. The mean density of O. palmeri varied across streams (one to nine individuals
(ind)/m2), but averaged to five ind/m2. Individual quadrat densities ranged from 0 to 20 ind/m2.
I chose to stock O. palmeri in my experimental streams at 15 ind/m2 as densities were around
this level in some areas. The total biomass stocked was 25.94 g/m2. The area of the
experimental streams was 0.068m2 and the densities stocked were near levels observed in the
study streams and those reported in the literature for Orconectes spp., which have been found at
8 individuals/m2 (O. punctimanus; Flinders and Magoulick 2005), and ~13 individuals/m2 for O.
neglectus chaenodactylus; Rabalais and Magoulick 2006).
Snail greenhouse experimental design
A similar greenhouse experimental stream study was conducted from May 1 through June
7, 2012, which was designed to test the interacting effects of snail grazing and increasing levels
of sediment on periphyton. The experimental design employed a fully factorial combination of
two levels of snail grazing (present and absent), and two levels of sediment (low=100 g/m2 and
high=5000 g/m2) and included 20 experimental units (five replicates per treatment). I decided to
focus only the low and high sediment levels in this experiment because the previous crayfish
experiment had shown resulted in no significant sediment by grazing interactions on the algal
response variables.
In the summer of 2012 (May 8), snails were sampled from a stream in northwest
Arkansas (Clear Creek) to determine the dominant snail species of the area and to estimate snail
densities in a local stream. To accomplish this, snails were sampled from one stream by placing
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a 0.45m2 quadrat on the substrate in a shallow part of the stream. The area in the quadrat was
visually scanned for snails which were removed and placed in a container for counting. This was
repeated 10 times in different areas of the stream and an average density was calculated. A
subsample of the snails were placed in 70% ethanol and returned to the lab for identification.
The snail Elmia sp. was the only snail species collected. Elmia sp. density ranged from 68 to
186 ind/m2. The mean density of Elmia was 114 ind/m2. The snails were stocked at 8 snails per
experimental stream which was equivalent to 118 snails/m2.
Experimental stream setup:
Each experimental stream was created from a 6.5 L circular pan (31 cm diameter) with a
9 cm diameter PVC pipe sealed in the middle. Streams were filled with 3.5 L of dechlorinated
tap water and a 5 watt pump (Shkerry Aqua, HJ-531) was used to create unidirectional flow at an
average velocity of 0.17 m/s. The bottom of each pan was covered with cobbles that had been
scrubbed free of organic material and sterilized in an autoclave to avoid contamination from any
previously colonized algae or bacteria. A periphyton slurry aliquot (10 mL) collected by
scraping several cobbles from a local stream was evenly dispersed through each artificial stream.
Two weeks were allowed for periphyton colonization and cobbles were collected to establish
starting chl a levels prior to any experimental manipulation (Crayfish experiment
mean±1SE=0.5513µg/cm2 ± 0.0604; Snail experiment mean±1SE =0.3583µg/cm2 ± 0.0571).
The snail experiment did start with one treatment (low sediment/snails absent) having lower chl
a values than the other treatments (p<0.040), but by week 2 the chl a values in this treatment had
reached the starting values of the other treatments and then leveled off. Nutrient levels in the
experimental streams were monitored on a weekly basis by taking filtered water samples (1 µm
GF/F; Pall), which were analyzed for soluble reactive phosphorus (SRP) and nitrite+nitrate
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(NO2-+NO3-). SRP was measured using standard molybdate/ascorbic acid APHA benchtop
methods and NO2-+NO3- was measured on a Lachat QuickChem 8500 (Lachat Instruments,
Milwaukee, WI). Nutrient levels were maintained at predetermined levels (SRP=20µg/l, NO2+NO3-=70µg/L) based on prior research of the study streams in north central Arkansas (B.
Austin unpublished data). The average light levels in the greenhouse were 1928 watts/m2 in the
daytime (7:00:00-19:00:00) and 1 watt/m2 in the nighttime (19:00:01-6:59:59) for the crayfish
experiment and 5328 watts/m2 in the daytime and 90 watts/m2 in the nighttime for the snail
experiment. The average air temperatures were 19.5oC in the daytime and 15.3oC at night for the
crayfish experiment (Range: 7.83-42.46oC) and 26.1oC in the daytime and 18.1oC at night for
the snail experiment (Range: 9.03-34.01oC).
After the two week colonization period, sediment treatments were added to predetermined, randomly selected experimental streams. The sediment (previously collected from a
stream in the Little Red drainage) was sorted through a 500µm sieve, dried, and weighed into the
appropriate treatments. After the sediment was added, it was given two days to settle before
crayfish grazers (O. palmeri, previously collected from a stream in the Cadron drainage) or snail
grazers (Elmia sp., previously collected from Clear Creek in northwest Arkansas) were added to
the pre-determined, randomly selected streams. Prior to adding the crayfish, each individual’s
wet mass was recorded and its carapace length was measured to ensure that all crayfish were
relatively the same size (3.52±1.32 g; 23.75±2.21 mm carapace length). Prior to the addition of
snails, each snails shell length was measured to ensure each stream received an average shell
length per stream relatively the same (average ranged from 14.36-15.45mm across experimental
streams).
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Response Variables
Once a week a cobble was collected from each experimental stream and frozen within 2
hours of collection until chl a analysis could be performed. Later, chl a was analyzed by
scrubbing each cobble to create a periphton slurry, which was homogenized on a stir plate and
subsampled onto a pre-ashed (500oC) Pall GF/F glass fiber filter. The filters were then
submerged in 10 mL of 95% EtOH solution, boiled at 78oC for 5 minutes (Sartory and
Grobbelaar 1984), removed, allowed to cool in the dark at 4oC for 24 hours, then measured for
absorbency using a Genesys 10 VIS spectrophotometer (Thermo Fischer Scientific Inc.,
Waltham, MA) as described in APHA (2005). After chl a analysis, the filters and extracts were
returned to pre-ashed (500oC), pre-weighed aluminum tins which were dried (50oC), weighed to
determine dry mass, ashed at 500oC, desiccated, and reweighed to obtain the ash mass. The ash
free dry mass (AFDM) is the difference between the dry mass and the ash mass. Chl a and
AFDM were both calculated as a mass per unit area, the area being the surface of the cobble
which was determined by the aluminum foil method (Lamberti et al. 1991). An autotrophic
index (AI) equal to the chl a biomass (mg/cm2) divided by the AFDM (mg/cm2) was used to
determine the photosynthetic content of the periphyton in each experimental stream. Other
response variables were also measured on a weekly basis.
Inorganic sediment collected on the filter from each periphyton slurry subsample was
measured by taking the difference between the ash weight and the pre-weight of each tin and
calculated as mass per unit area as described earlier.
At the conclusion of the experiment, all of the remaining cobbles were scrubbed and the
attached filamentous algae were collected in a 1 mm sieve. The filaments were placed in pre-
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ashed (550oC) pre-weighed aluminum tins, dried (50oC), weighed, ashed at 550oC, desiccated,
and reweighed to obtain filamentous algal biomass (g).
Data analysis
A repeated-measures two way analysis of variance (ANOVA) was used to test for all
statistically significant effects and interactions, including a time*grazer*sediment interaction for
the response variables of chl a, AFDM, AI, and cobble sediment mass. All response variables
were logged transformed to meet the assumptions of normality. If there were no significant
interactions, any significant main effects were examined. A two-way ANOVA was used to test
for all statistically significant effects and interactions for the filamentous algal biomass response
variable, which was not logged transformed. All significant differences were determined using a
post-hoc Tukey analysis. All statistical analyses were conducted using SAS statistical software
(version 9.2, SAS Institute, Cary, NC).
RESULTS
Crayfish Experiment
Sediment levels differed between high and intermediate, and intermediate and low
treatments based cobble sediment mass (Figure 1). Cobble sediment mass (CSM) was dependent
on the sediment and the grazing manipulation (Table 1) and showed lower sediment in the
crayfish present (CP) treatments verses the crayfish absent (CA) treatments regardless of initial
sediment levels (Figure 1).
Time, sediment, and grazing did not interact to affect any of the periphyton response
variables (Table 1). Benthic chl a, however, had some main effects that were statistically
significant (Table 1). There was a significant time effect on chl a, where there was a significant
increase in chl a during the first week of the experiment (combined chl a values from all
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treatments increased from 0.51±0.06 to 1.05±0.14 µg/cm2 [mean±1SE]), but then levels were
stable throughout the remainder of the experiment (Figure 2A). There was also a significant
sediment effect on chl a (Table 1) which increased as benthic sediment increased (Figure 3A),
with combined chl a values (CA and CP) for the whole experiment being 1.03±0.07, 0.85±0.09,
and 0.75±0.07 µg/cm2 (mean±1SE) for the high, intermediate and low sediment treatments,
respectively. While there was not a significant grazer effect on chl a (Table 1), there was a
tendency for CP treatments to have lower chl a than CA treatments at all sediment levels (Figure
4A). Ash free dry mass had a significant time effect (Table 1), increasing from 0.20±0.01 to
0.24±0.02 mg/cm2 (mean+1SE) in the third week of the experiment (Figure 2B). AFDM
responded to different sediment levels (Table 1) and tended to increase as benthic sediment
increased (Figure 3B), with combined AFDM values (CA and CP) for the whole experiment
being 0.26±0.01, 0.20±0.01, and 0.18±0.01 mg/cm2 (mean±1SE) for the high, intermediate, and
low sediment treatments, respectively. There was a significant grazer effect on AFDM (Table 1)
with CP treatments having lower AFDM than CA treatments for all sediment levels (Figure 4B).
Time significantly affected the AI, with a the chl a/AFDM increasing significantly over the first
week of the experiment, but returning to starting levels by the third week (Figure 2C). The AI
responded differently to grazing absence and presence (Table 1), where the AI was 5.05±0.36 for
the CP treatments (all sediment levels) for the entire experiment and was 3.35±0.18 for the CA
treatments (Figure 4C). Filamentous algal biomass was significantly reduced by the presence of
crayfish (Table 1; Figure 4D).
Snail Experiment
The sediment treatments added at the start of the experiment did achieve different
sediment levels between high and low treatments when examining the cobble sediment mass per
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treatment (Figure 5B). The CSM response variable had two statistically significant interactions,
week by grazing and sediment by grazing (Table 2). At the end of the experiment, the difference
between the snails absent (SA) and snails present (SP) treatments became greater with the SA
treatments having higher CSM than the SP treatments (Figure 5A). The sediment by grazing
interaction in the CSM response variable showed that when averaged over the whole experiment,
the HS/SA treatments had higher sediment than all other treatments, followed by the HS/SP
treatments. Further, the LS/SA treatments had higher sediment than the LS/SP treatments
(Figure 5B).
Chlorophyll a did have two statistically significant interactions, a week by grazing
interaction and a sediment by grazing interaction (Table 2). During the first two weeks of the
experiment there was a divergence in chl a values with the SA treatments gaining chl a while the
SP treatments lost chl a (Figure 6A). Towards the end of the experiment, chl a did not differ
between SP and SA treatments. The HS/SA treatments had higher chl a values than all other
treatments while the rest of the treatments did not differ significantly from each other (Figure
7A). The AFDM response variable also had statistically significant week by grazing and
sediment by grazing interactions, but it also had a week by sediment interaction (Table 2). The
week by sediment interaction showed that at the beginning of the experiment the HS treatments
had higher AFDM than the LS treatments, but by week 2 that difference had disappeared (Figure
8). The week by grazing interaction suggested that at the start of the experiment the SA and SP
treatments did not differ in AFDM, however by week 1 the SA treatments had higher AFDM
than the SP treatments, and that trend continued throughout the experiment (Figure 6B). The
sediment by grazing interaction suggested that the HS/SA treatments had the highest AFDM,
followed by the LS/SA treatments, then the HS/SP treatments. All differences were statistically
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significant (Figure 7C); however the reduction in AFDM by snail grazing was greater in the HS
treatments than the LS treatments. Finally, the AI response variable had two statistically
significant interactions, a week by grazing interaction and a sediment by grazing interaction
(Table 2). The week by grazing interaction showed that from the start of the experiment to week
1 the SP AI decreased, but recovered the next week with no other differences (Figure 6C). The
AI sediment by grazing interaction was statistically significant (Table 2), however when the
Tukey analysis was run, there were no differences between the treatments (Figure 7B).
Filamentous algal biomass did not have any interactions; however the grazing main effect was
statistically significant (Table 2). The SA treatments had higher filamentous algal biomass than
the SP treatments when it was collected at the conclusion of the experiment (Figure 7D).
DISCUSSION
The interaction between crayfish and snail grazing and increasing sediment on algae has
not, to my knowledge, been directly examined even though crayfish and snails are important
grazers (Lamberti et al. 1989, Creed 1994, Evans-White et al. 2001) and increasing sediment in
streams is a growing problem (Richter et al., 1997, Wood and Armitage 1997, Owens et al. 2005,
USEPA 2006), with documented negative effects on algae (Biggs et al. 1999, Parkhill and
Gulliver 2000, Izagirre et al. 2009). I expected that high sediment conditions would cause a
reduction in algal biomass via shading and burial. I also expected that crayfish might cause a net
increase of algae via sediment removal and due to their inability to graze smaller algal growth
forms. Finally, I hypothesized that snails with their smaller body size and rasping feeding mode
would not be as effective at removing sediment and their ability to graze smaller growth forms of
algae would have a negative effect on algal biomass. I did find that crayfish presence reduced
sediment cover (Figure 1) and that it tended to provide a net benefit to algal biomass (Figure
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4A). However, contrary to my expectations, I found that higher sediment levels actually resulted
in increased algal biomass (Figures 3A & 7A), and that snails were effective at sediment removal
(Figure 5A), but unlike in the crayfish grazing, snail grazing decreased algal biomass (Figure
6A).
Previous studies have reported only an initial negative impact of deposited sediments on
benthic algal biomass (Yamada and Nakamura 2002, Izagirre et al. 2009), but I found that
deposited sediment had a stimulatory effect on algal biomass in the crayfish and snail
experiments (Figures 3A & 7A). Nutrients such as phosphorus and nitrogen have been found to
bind to sediments (Vaze and Chiew 2004) and may have increased nutrient availability to algae.
However, there were no noticeable differences in the water chemistry between the low,
intermediate, and high sediment treatments in either grazing experiment. It may be possible that
the sediments leached nutrients into the water quickly, which was not observed in the water
chemistry analysis that was first collected a week after sediment was added in both experiments.
Furthermore, loosely attached filamentous green algae were not affected by sediment, but were
negatively affected by both grazers (Figures 4D & 7D).
While sediment had the unexpected effect of stimulating algal growth, it was effectively
removed from cobbles by the presence of both crayfish and snails (Figures 1 & 5B). Not only
were snails effective at sediment removal, they were more effective than crayfish (Table 3;
Figure 9A), which was not anticipated, especially given that snails (Lavigeria grandis) have been
shown to react negatively to increasing sediments (Donohue et al. 2003). It was also observed
that both crayfish and snails were able to effectively reduce filamentous algae (Figures 4D &
7D). In this experiment, there was also no evidence that sediment negatively impacted the
grazing abilities of either grazer. Both types of grazer were able to effectively graze on
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filamentous algae (Figures 4D &7D) and both effectively reduced overall AFDM (Figures 4C &
7C).
While both grazers reduced sediment cover and effectively grazed on the algae, the
resulting effect on chl a concentration differed between grazers. Crayfish grazing had a
stimulatory effect on chl a concentration (Figure 2A) whereas snail grazing had a negative effect
on chl a concentration (Figure 7A). Crayfish grazing stimulated chl a (Figure 4A) and generally
reduced overall periphyton biomass (Figure 4C). Increasing sediment levels had a similar
stimulatory effect on chl a, however unlike crayfish grazing, increasing sediment also increased
overall periphyton biomass (Figure 3B). Therefore, the trend was that crayfish presence resulted
in a more autotrophic periphyton mat than did increasing sediment levels. Snails, by contrast,
always had a negative impact on chl a concentration and overall periphyton biomass, and only
made the periphyton mat more autotrophic under low sediment conditions (Figure 7B). The
stimulation in chl a concentration leading to an increased AI (chl a/AFDM) has been observed
previously when crayfish were used as grazers (Evans-White and Lamberti 2005). In the EvansWhite and Lamberti (2005) experiment, crayfish grazing treatments had significantly higher chl
a concentration than ungrazed and snail grazed treatments. The experimenters suspect that this
was probably not due to an increase in algal biomass, because no increases were seen in other
periphyton response variables such as AFDM and algal biovolume, but rather was probably due
to an increase in the amount of chl a per cell. The difference observed between these two
grazers under the same sediment conditions could be due to shifts in algal community structure
due to the differences in the grazer’s mode of feeding; however in a previous study, algal
community composition was not shown to differ between snail and crayfish grazing (EvansWhite and Lamberti 2005). The difference may also be due in part to what was seen in the
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McIntyre (2003) study, where snails under high sediment conditions tended to consume more
than their counterparts under normal sediment conditions. The snails in this experiment may
have been consuming more periphyton than they normally would to make up for the loss in food
quality from ingesting a higher proportion of sediment.
This study was the first to document that sediment levels equivalent to levels seen from
anthropogenic disturbance affect the grazer-periphyton interaction using two common North
American grazers, crayfish and snails. The way increasing sediment may affect grazerperiphyton interactions, particularly crayfish-periphyton interactions and snail-periphyton
interactions, is of particular importance in Arkansas. Arkansas not only has a high density and
diversity of crayfish (Hobbs 1988) and a high density of snails (north Arkansas; personal
observation), but north central Arkansas has seen a growth in population by up to 25% since the
year 2000 (US 2010 Census Data). Further, north central Arkansas has recently had a boom in
natural gas drilling (Entrekin et al. 2011), which may lead to increases in sediment loads. The
substrate of most streams in the northern part of Arkansas is composed primarily of gravel and
cobble (Brown et al. 1998, personal observation). With the threat looming of increasing
sediment loads in these streams, it is important to study how rising sediment levels may affect
the grazer-periphyton interaction in these streams, particularly with key large-bodied abundant
grazers like crayfish.
This study found that increasing sediment affects the grazer-periphyton interaction
differently between the two grazers, where crayfish under high sediment levels provided a
marginally significant net benefit to algal biomass. In contrast, snails under high sediment
conditions caused a statistically significant decline in algal biomass. This difference is likely due
to the differences in grazer feeding mode and body size. Further research could also be done in
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this area by repeating the study using in-stream enclosures and different sediment levels, or
different grazers. This may be important because the grazers used in this study are relatively
large bodied and may be more tolerant to highly sedimented conditions than other smaller, soft
bodied grazers such as mayflies, caddisflies, and other grazing macroinvertebrates. Under the
same conditions, these grazers may be more highly impacted, and with these organisms, the
grazer-periphyton may be disrupted by anthropogenic sedimentation. This would allow for
further extrapolation of how these processes occur in real-world situations.

49

REFERENCES
American Public Health Association. 2005. Standard methods for the examination of water and
wastewater. National Government Publication, Washington, D. C, MD, USA.
Angeler, D. G., S. Sanchez-Carrillo, G. Garcia, and M. Alvarez-Cobelas. 2001. The influence
of Procambarus clarkii (Cambaridae, Decapoda) on water quality and sediment
characteristics in a Spanish floodplain wetland. Hydrobiologia 464:89-98.
Berg, L., and T. G. Northcote. 1985. Changes in territorial, gill-flaring, and feeding behavior in
juvenile Coho salmon (Oncorhynchus kisutch) following short-term pulses of suspended
sediment. Canadian Journal of Fisheries and Aquatic Sciences 42:1410-1417.
Berkman, H. E., and C. F. Rabeni. 1987. Effect of siltation on stream fish communities.
Environmental Biology of Fishes 18:285-294.
Beschta, R. L. 1978. Long-term patterns of sediment production following road construction
and logging in the Oregon Coast range. Water Resources Research 14:1011-1016.
Blenkinsopp, S. A., and M. A. Lock. 1994. The impact of storm-flow on river biofilm
architecture. Journal of Phycology 30:807-818.
Bo, T., S. Fenoglio, G. Malacarne, M. Pessino, and F. Sgariboldi. 2007. Effects of cloggin on
stream macroinvertebrates: an experimental approach. Limnologica 37:186-192.
Bormann, F. H., G. E. Likens, T. G. Siccama, R. S. Pierce, and J. S. Eaton. 1974. The export of
nutrients and recovery of stable conditions following deforestation at Hubbard Brook.
Ecological Monographs 44:255-277.
Bronmark, C., S. D. Rundle, and A. Erlandsson. 1991. Interactions between freshwater snails
and tadpoles: competition and facilitation. Oecologia 87:8-18.
Brown, A. V., M. M. Lyttle, and K. B. Brown. 1998. Impacts of gravel mining on gravel bed
streams. Transactions of the American Fisheries society 127:979-994.
Bruton, M. N. 1985. The effects of suspensoids on fish. Hydrobiologia 125:221-241.
Clark, E. H., J. A. Haverkamp, and W. Chapman. 1985. Eroding soils: the off-farm impacts.
The Conservation Foundation, Washington D. C., MD, USA.
Cline, L. D., R. A. Short, and J. V. Ward. 1982. The influence of highway construction on the
macroinvertebrates and epilithic algae of a high mountain stream. Hydrobiologia 96:149159.

50

Colletti, P. J., D. W. Blinn, A. Pickart, and V. T. Wagner. 1987. Influence of different densities
of the mayfly grazer Heptagenia criddlei on lotic diatom communities. Journal of the
North American Benthological Society 6:270-280.
Costa, J. E. 1975. Effects of agriculture on erosion and sedimentation in the Piedmont Province,
Maryland. Geological Society of American Bulletin 86:1281-1286.
Creed, R. P. 1994. Direct and indirect effects of crayfish grazing in a stream community.
Ecology 75:2091-2103.
Creed, R. P., and J. M. Reed. 2004. Ecosystem engineering by crayfish in a headwater stream
community. Journal of the North American Benthological Society 23:224-236.
Cuker, B. E. 1983. Grazing and nutrient interactions in controlling the activity and composition
of the epilithic algal community of an artic lake. Limnology and Oceanography 28:133141.
Cummins, K. W. 1962. An evaluation of some techniques for the collection and analysis of
benthic samples with special emphasis on lotic waters. American Midland Naturalist
67:477-504.
Dickman, M. 1968. The effect of grazing by tadpoles on the structure of a periphyton
community. Ecology 49:1188-1190.
Donohue, I., E. Verheyen, and K. Irvine. 2003. In situ experiments on the effects of increased
sediment loads on littoral rocky shore communities in Lake Tanganyika, East Africa.
Freshwater Biology 48:1603-1616.
Ellis, M. M. 1936. Erosion silt as a factor in aquatic environments. Ecology 17:29-42.
Elwood, J. W., J. D. Newbold, A. F. Trimble, and R. W. Stark. 1981. The limiting role of
phosphorus in a woodland stream ecosystem: effects of P enrichment on leaf
decomposition and primary producers. Ecology 62:146-158.
Entrekin, S., M. Evans-White, B. Johnson, and E. Hagenbuch. 2011. Rapid expansion of natural
gas development poses a threat to surface waters. Frontiers in Ecology and the
Environment 9:503-511.
Evans-White, M.A., and G. A. Lamberti. 2005. Grazer species effects on epilithon nutrient
composition. Freshwater Ecology 50:1853-1863.
Evans-White, M. A., and G. A. Lamberti. 2006. Stoichiometry of consumer-driven nutrient
recycling across nutrient regimes in streams. Ecology Letters 9:1186-1197.
Evans-White, M. A., W. K. Dodds, L. J. Gray, and K. M. Fritz. 2001. A comparison of the
trophic ecology of the crayfish (Orconectes nais (Faxon) and Orconectes neglectus
51

(Faxon)) and the central stoneroller minnow (Campostoma anomalum (Rafinesque)):
omnivory in a tallgrass prairie stream. Hydrobiologia 462:131-144.
Feminella, J. W., and V. H. Resh. 1991. Herbivorous caddisflies, macroalgae, and epilithic
microalgae: dynamic interactions in a stream grazing system. Oecologia 87:247-256.
Feminella, J. W., M. E. Power, and V. H. Resh. 1989. Periphyton responses to invertebrate
grazing and riparian canopy in three northern California coastal streams. Freshwater
Biology 22:445-457.
Flinders, C. A., and D. D. Magoulick. 2005. Distribution, habitat use and life history of streamdwelling crayfish in the Spring River drainage of Arkansas and Missouri with a focus on
the imperiled Mammoth Spring Crayfish (Orconectes marchandi). American Midland
Naturalist 154:358-374.
Flint, R. W., and C. R. Goldman. 1975. The effects of a benthic grazer on the primary
productivity of the littoral zone of Lake Tahoe. Limnology and Oceanography 20:935944.
Francoeur, S. N., and B. J. F. Biggs. 2006. Short-term effects of elevated velocity and sediment
abrasion on benthic algal communities. Hydrobiologia 561:59-69.
Gayraud, S., and M. Philippe. 2003. Influence of bed-sediment features on the interstitial
habitat available for macroinvertebrates in 15 French streams. International Review of
Hydrobiology 88:77-93.
Gelwick, F. P., and W. J. Matthews. 1992. Effects of an algivorous minnow on temperate
stream ecosystem properties. Ecology 73:1630-1645.
Graham, A. A. 1990. Siltation of stone-surface periphyton in rivers by clay-sized particles from
low concentrations in suspension. Hydrobiologia 199:107-115.
Hart, D. D. 1992. Community organization in streams: the importance of species interactions,
physical factors, and chance. Oecologia 91:220-228.
Hart, D. D., S. L. Kohler, and R. G. Carlton. 1991. Harvesting of benthic algae by territorial
grazers: the potential for prudent predation. Oikos 60:329-335.
Helms, B. S., and R. P. Creed. 2005. The effects of 2 coexisting crayfish on an Appalachian
river community. Journal of the North American Benthological Society 24:113-122.
Hill, W. R., H. L. Boston, and A. D. Steinman. 1992. Grazers and nutrients simultaneously limit
lotic primary productivity. Canadian Journal of Fisheries and Aquatic Sciences 49:504512.

52

Hill, W. R., and B. C. Harvey. 1990. Periphyton responses to higher trophic levels and light in a
shaded stream. Canadian Journal of Fisheries and Aquatic Sciences 47:2307-2314
Hill, W. R., and A. W. Knight. 1987. Experimental analysis of the grazing interaction between
a mayfly and stream algae. Ecology 68:1955-1965.
Hill, W. R., and A. W. Knight. 1988. Concurrent grazing effects of two stream insects on
periphyton. Limnology and Oceanography 33:15-26.
Hobbs, H. H. 1988. Crayfish distribution, adaptive radiation and evolution. Freshwater
crayfish: biology, management, and exploitation pp. 52-82.
Horner, R. R., E. B. Welch, M. R. Seeley, and J. M. Jacoby. 1990. Responses of periphyton to
changes in current velocity, suspended sediment and phosphorus concentration.
Freshwater Biology 24:215-232.
Huchette, S. M. H., M. C. M. Beveridge, D. J. Baird, and M. Ireland. 2000. The impacts of
grazing by tilapias (Oreochromis niloticus L.) on periphyton communities growing on
artificial substrate in cages. Aquaculture 186:45-60.
Hunter, R. D. 1980. Effects of grazing on the quantity and quality of freshwater aufwuchs.
Hydrobiologia 69:251-259.
Izagirre, O., A. Serr, H. Guasch, and A. Elosegi. 2009. Effects of sediment deposition on
periphytic biomass, photosynthetic activity and algal community structure. Science of
the Total Environment 407:5694-5700.
Jacoby, J. M. 1985. Grazing effects on periphyton by Theodoxus fluviatilis (Gastropoda) in a
Lowland Stream. Journal of Freshwater Ecology 3:265-274.
Jacoby, J. M. 1987. Alterations in periphyton characteristics due to grazing in a Cascade
foothill stream. Freshwater Biology 18:495-508.
James, L. A. 1989. Sustained storage and transport of hydraulic gold mining sediment in the
Bear River, California. Annals of the Association of American Geographers 79:570-592.
Jones, R. C., and B. H. Holmes. 1985. Effects of land use practices on water resources in
Virginia. Virginia Polytechnic Institute and State University, Water Resources Research
Center, Bulletin 144, Blacksburg.
Karouna, N. K., and R. L. Fuller. 1992. Influence of four grazers on periphyton communities
associated with clay tiles and leaves. Hydrobiologia 245:53-64.
Katano, I., H. Doi, A. Houki, Y. Isobe, and T. Oishi. 2007. Changes in periphyton abundance
and community structure with the dispersal of a caddisfly grazer, Micrasema quadriloba.
Limnology 8:219-226.
53

Kehde, P. M., and J. L. Wilhm. 1972. The effects of grazing by snails on community structure
of periphyton in laboratory streams. American Midland Naturalist 87:8-24.
Kesler, D. H. 1981. Periphyton grazing by Amnicola limosa: an enclosure-exclosure
experiment. Journal of Freshwater Ecology 1:51-59.
Kreutzweiser, D. P., and S. S. Capell. 2001. Fine sediment deposition in streams after selective
forest harvesting without riparian buffers. Canadian Journal of Forest Research 31:21342142.
Lamberti, G. A., and V. H. Resh. 1983. Stream periphyton and insect herbivores: an
experimental study of grazing by a caddisfly population. Ecology 64:1124-1135.
Lamberti, G. A., L. R. Ashkenas, S. V. Gregory, and A. D. Steinman. 1987a. Effects of three
herbivores on periphyton communities in laboratory streams. Journal of the North
American Benthological Society 6:92-104.
Lamberti, G. A., J. W. Feminella, and V. H. Resh. 1987b. Herbivory and intraspecific
competition in a stream caddisfly population. Oecologia 73:75-81.
Lamberti, G. A., S. V. Gregory, L. R. Ashkenas, A. D. Steinman, and C. D. McIntire. 1989.
Productive capacity of periphyton as a determinant of plant-herbivore interactions in
streams. Ecology 70:1840-1856.
Lamberti, G. A., S. V. Gregory, L. R. Ashkenas, R. C. Wildman, and K. M. S. Moore. 1991.
Stream ecosystem recovery following a catastrophic debris flow. Canadian Journal of
Fisheries and Aquatic Science 48:196-208.
Lamberti, G. A., S. V. Gregory, C. P. Hawkins, R. C. Wildman, L. R. Ashkenas, and D. M.
Denicola. 1992. Plant-herbivore interactions in streams near Mount St Helens.
Freshwater Biology 27:237-247.
Lau, J. K., T. E. Lauer, and M. L. Weinman. 2006. Impacts of channelization on stream habitats
and associated fish assemblages in east central Indiana. American Midland Naturalist
156:319-330.
Lemly, A. D. 1982. Modification of benthic insect communities in polluted streams: combined
effects of sedimentation and nutrient enrichment. Hydrobiologia 87:229-245.
Lenat, D. R. 1984. Agriculture and stream water quality: a biological evaluation of erosion
control practices. Environmental Management 8:333-344.
Liess, A., and H. Hillebrand. 2004. Invited review: direct and indirect effects in herbivoreperiphyton interactions. Archiv fuer Hydrobiologie 159:433-453.

54

Lloyd, D. S., J. P. Koenings, and J. D. LaPerriere. 1987. Effects of turbidity in fresh waters of
Alaska. North American Journal of Fisheries Management 7:18-33.
Lowe, R. L., and R. D. Hunter. 1988. Effect of grazing by Physa integra on periphyton
community structure. Journal of the North American Benthological Society 7:29-36.
McAuliffe, J. R. 1984. Resource depression by a stream herbivore: effects on distributions and
abundances of other grazers. Oikos 42:327-333.
McIntyre, P. B., E. Michel, K. France, A. Rivers, P. Hakizimana, and A. S. Cohen. 2003.
Individual- and assemblage-level effects of anthropogenic sedimentation on snails in
Lake Tanganyika. Conservation Biology 19:171-181.
Momot, W. T. 1995. Redefining the role of crayfish in aquatic ecosystems. Reviews in
Fisheries Science 3:33-63.
Mulholland, P. J., J. D. Newbold, J. W. Elwood, and C. L. Hom. 1983. The effect of grazing
intensity on phosphorus spiralling in autotrophic streams. Oecologia 58:358-366.
Mulholland, P. J., A. D. Steinman, A. V. Palumbo, J. W. Elwood, and D. B. Kirschtel. 1991.
Role of nutrient cycling and herbivory in regulating periphyton communities in
laboratory streams. Ecology 72:966-982.
Newbold, J. D., J. W. Elwood, R. V. O’Neill, and A. L. Sheldon. 1983. Phosphorus dynamics in
a woodland stream ecosystem: a study of nutrient spiralling. Ecology 64:1249-1265.
Newcombe, C. P., and D. D. MacDonald. 1991. Effects of suspended sediments on aquatic
ecosystems. North American Journal of Fisheries Management 11:72-82.
Nystrom, P. 1999. Ecological impact of introduced and native crayfish on freshwater
communities: European perspectives. Crustacean issues 11:63-85.
Osenberg, C. W. 1989. Resource limitation, competition and the influence of life history in a
freshwater snail community. Oecologia 79:512-519.
Parkyn, S. M., C. F. Rabeni, and K. J. Collier. 1997. Effects of crayfish (Paranephrops
planifrons: Parastacidae) on in-stream processes and benthic faunas: a density
manipulation experiment. New Zealand Journal of Marine and Freshwater Research
31:685-692.
Paul, M. J., and J. L. Meyer. 2001. Streams in the urban landscape. Annual Review of Ecology,
Evolution, and Systematics 32:333-365.
Platts, W. S. 1979. Livestock grazing and riparian/stream ecosystems, an overview. Pages in O.
B. Cope. Grazing and riparian/stream ecosystems--Forum proceedings. Trout Unlimited,
Vienna, Virginia, USA
55

Power, M. E. 1990a. Resource enhancement by indirect effects of grazers: armored catfish,
algae, and sediment. Ecology 71:897-904.
Power, M. E. 1990b. Effects of fish in river food webs. Science 250:811-814.
Power, M. E., and W. J. Matthews. 1983. Algae-grazing minnows (Campostoma anomalum),
piscivorous bass (Micropterus spp.), and the distribution of attached algae in a small
prairie-margin stream. Oecologia 60:328-332.
Power, M. E., W. J. Matthews, and A. J. Stewart. 1985. Grazing minnows, piscivorous bass,
and stream algae: dynamics of a strong interaction. Ecology 66:1448-1456.
Power, M. E., A. J. Stewart, and W. J. Matthews. 1988. Grazer control of algae in an Ozark
Mountain stream: effects of short-term exclusion. Ecology 69:1894-1898.
Pringle, C. M., G. A. Blake, A. P. Covich, K. M. Buzby, and A. Finley. 1993. Effects of
omnivorous shrimp in a montane tropical stream: sediment removal, disturbance of
sessile invertebrates and enhancement of understory algal biomass. Oecologia 93:1-11.
Rabalais, M. R., and D. D. Magoulick. 2006. Influence of an invasive crayfish species on
diurnal habitat use and selection by a native crayfish species in an Ozark stream.
American Midland Naturalist 155:295-306.
Rabeni, C. F. 1992. Trophic linkage between stream Centrarchids and their crayfish prey.
Canadian Journal of Fisheries and Aquatic Sciences 49:1714-1721.
Richards, C., and K. L. Bacon. 1994. Influence of fine sediment on macroinvertebrate
colonization of surface and hyporheic stream substrates. Great Basin Naturalist 54:106113.
Richardson, T. D., J. F. Scheiring, and K. M. Brown. 1988. Secondary production of two lotic
snails (Pleuroceridae: Elimia). Journal of the North American Benthological Society
3:234-245.
Rosemond, A. D., P. J. Mulholland, and J. W. Elwood. 1993. Top-down and bottom-up control
of stream periphyton: effects of nutrients and herbivores. Ecology 74:1264-1280.
Sartory, D. P., and J. U. Grobbelaar. 1984. Extraction of chlorophyll a from freshwater
phytoplankton for spectrophotometric analysis. Hydrobiologia 114:177-187.
Schofield, K. A., C. M. Pringle, and J. L. Meyer. 2004. Effects of increased bedload on algaland detrital-based stream food webs: experimental manipulation of sediment and
macroconsumers. Limnology and Oceanography 49:900-909.

56

Scrimgrour, G. J., J. M. Culp, M. L. Bothwell, F. J. Wrona, and M. H. McKee. 1991.
Mechanisms of algal patch depletion: importance of consumptive and non-consumptive
losses in mayfly-diatom systems. Oecologia 85:343-348.
Servizi, J. A., and D. W. Martens. 1992. Sublethal reponses of Coho salmon (Oncorhynchus
kisutch) to suspended sediments. Canadian Journal of Fisheries and Aquatic Sciences
49:1389-1395.
Sloane-Richey, J., M. A. Perkins, and K. W. Malueg. 1981. The effects of urbanization and
stormwater runoff on the food quality in two salmonid streams. Internationale
Vereinigung fuer Theoretische und Angewandte Limnoiogie Verhandlugen 21:812-818.
Smiley, P. C., and E. D. Dibble. 2008. Influence of spatial resolution on assessing
channelization impacts on fish and macroinvertebrate communities in a warmwater
stream in the southeastern United States. Environmental Monitoring and Assessment
138:17-29.
Smith, V. H. 2003. Eutrophication of freshwater and coastal marine ecosystems: a global
problem. Environmental Science and Pollution Research 10:126-139.
Statzner, B., E. Fievet, J-Y. Champagne, R. Morel, and E. Herouin. 2000. Crayfish as
geomorphic agents and ecosystem engineers: biological behavior affects sand and gravel
erosion in experimental streams. Limnology and Oceanography 45:1030-1040.
Statzner, B., O. Peltret, and S. Tomanova. 2003. Crayfish as geomorphic agents and ecosystem
engineers: effect of a biomass gradient on baseflow and flood-induced transport of
gravel and sand in experimental streams. Freshwater Biology 48:147-163.
Steinman, A. D. 1992. Does an increase in irradiance influence periphyton in a heavily-grazed
woodland stream? Oecologia 91:163-170.
Steinman, A. D. 1996. Effects of Grazers on Freshwater Benthic Algae. Pages in R. J.
Stevenson, M. L. Bothwell, & R. L. Lowe. Algal Ecology: Freshwater Benthic
Ecosystems. Academic Press, San Diego, CA, USA.
Steinman, A. D., C. D. McIntire, S. V. Gregory, G. A. Lamberti, and L. R. Ashkenas. 1987a.
Effects of herbivore type and density on taxonomic structure and physiognomy of algal
assemblages in laboratory streams. Journal of the North American Benthological Society
6:175-188.
Steinman, A. D., C. D. McIntire, and R. R. Lowry. 1987b. Effects of herbivore type and density
on chemical composition of algal assemblages in laboratory streams. Journal of the
North American Benthological Society 6:189-197.

57

Steinman, A. D., P. J. Mulholland, and W. R. Hill. 1992. Functional responses associated with
growth form in stream algae. Journal of the North American Benthological Society
11:229-243.
Stewart, A. J. 1987. Responses of stream algae to grazing minnows and nutrients: a field test
for interactions. Oecologia 72:1-7.
Sumner, W. T., and C. D. McIntire. 1982. Grazer-periphyton interactions in laboratory streams.
Archiv fur Hydrobiologie 93:135-157.
Swamikannu, X., and K. D. Hoagland. 1989. Effects of snail grazing on the diversity and
structure of a periphyton community in a eutrophic pond. Canadian Journal of Fisheries
and Aquatic Sciences 46:1698-1704.
Tebo, L. B., Jr. 1955. Effects of siltation, resulting from improper logging, on the bottom fauna
of a small trout stream in the southern Appalachians. Progressive Fish-Culturist 17:6470.
Tuchman, N. C., and R. J. Stevenson. 1991. Effects of selective grazing by snails on benthic
algal succession. Journal of the North American Benthological Society 10:430-443.
Underwood, G. J. C., and J. D. Thomas. 1990. Grazing interactions between pulmonate snails
and epiphytic algae and bacteria. Freshwater Biology 23:505-522.
United States Census Bureau. 2010. 2010 Census Data. http://www.census.gov/2010census/
data/.
US Environmental Protection Agency. 2006. Wadeable streams assessment: a collaborative
survey of the Nation's streams. EPA/841/B-06/002.
Usio, N., and C. R. Townsend. 2004. Roles of crayfish: consequences of predation and
bioturbation for stream invertebrates. Ecology 85:807-822.
Vaughn, C. C., F. P. Gelwick, and W. J. Matthews. 1993. Effects of algivorous minnows on
production of grazing stream invertebrates. Oikos 66:119-128.
Vaze, J., and F. H. Chiew. 2004. Nutrient loads associated with different sediment sizes in
urban stormwater and surface pollutants. Journal of Environmental Engineering
130:391-396.
Wagener, S. M., and J. D. LaPerriere. 1985. Effects of placer mining on the invertebrate
communities of interior Alaska streams. Freshwater Invertebrate Biology 4:208-214.
Walters, D. M., D. S. Leigh, and A. B. Bearden. 2003. Urbanization, sedimentation, and the
homogenization of fish assemblages in the Etowah River Basin, USA. Hydrobiologia
494:5-10.

58

Waters, T. F. 1995. Sediment in streams: sources, biological effects, and control. American
Fisheries Society Monograph 7, Bethesda, MD, USA.
Wentworth, C. K. 1922. A scale of grade and class terms for clastic sediments. The Journal of
Geology 30:377-392.
Whittaker, R. H. 1975. Communities and Ecosystems. Macmillan, New York, NY, USA.
Wolman, M. G., and A. P. Schick. 1967. Effects of construction on fluvial sediment, urban and
suburban areas of Maryland. Water Resources Research 3:451-464.
Wood, P. J., and P. D. Armitage. 1997. Biological effects of fine sediment in the lotic
environment. Environmental Management 21:203-217.
Wootton, J. T., and M. P. Oemke. 1992. Latitudinal differences in fish community trophic
structure, and the role of fish herbivory in a Costa Rican stream. Environmental Biology
of Fishes 35:311-319.
Yamada, H., and F. Nakamura. 2002. Effect of fine sediment deposition and cannel works on
periphyton biomass in the Makomanai River, northern Japan. River Research and
Applications 18:481-493.
Zaimes, G. N., R. C. Schultz, and T. M. Isenhart. 2004. Stream bank erosion adjacent to
riparian forest buffers, row-crop fields, and continuously-grazed pastures along Bear
Creek in central Iowa. Journal of Soil and Water Conservation 59:19-27.

59

Table 1: ANOVA table gives the F and p-values of every effect for all response variables in the crayfish experiment. Cobble
Sed. Mass, Chl a, AFDM, and AI were all analyzed using a repeated measures two-way ANOVA and the degrees of freedom
(DF) for the effects are: Week=4, Sed=2, Graz=1, Week*Sed=8, Week*Graz=4, Sed*Graz=2, and Week*Sed*Graz=8.
Filamentous Algal Biomass was analyzed using a two-way ANOVA (DF in table).

Cobble Sed. Mass

Chl a

AFDM

Filamentous Algal
Biomass

AI

60

Effect

F value

p-value

F value

p-value

F value

p-value

F value

p-value

F value

DF p-value

Week

1.08

0.3698

6.86

<0.0001

2.48

0.0479

8.16

<0.0001

N/A

Sediment

249.34

<0.0001

5.03

0.008

23.96

<0.0001

0.38

0.6872

0.64

2

Grazing

124.42

<0.0001

3.41

0.0674

23.12

<0.0001

18.37

<0.0001

83.24

1

Week*Sed

0.46

0.8802

0.81

0.5961

1.14

0.3412

0.86

0.5556

N/A

N/A

Week*Graz

1.52

0.2017

0.81

0.5222

0.45

0.7718

1.01

0.4038

N/A

N/A

Sed*Graz

6.15

0.0029

0.03

0.9724

2.03

0.1364

0.32

0.7271

0.72

Week*Sed*Graz

0.29

0.9674

1.09

0.3762

0.88

0.5384

0.85

0.5571

N/A

N/A

2

0.5362
<0.000
1

0.498
N/A

Table 2: ANOVA table gives the F and p-values of every effect for all response variables for the snail grazing experiment. Cobble
Sed. Mass, Chl a, AFDM, and AI were all analyzed using a repeated measures two-way ANOVA, and the degrees of
Freedom (DF) for the effects are: Week=4, Sed=1, Graz=1, Week*Sed=4, Week*Graz=4, Sed.*Graz=1, and
Week*Sed*Graz=4. Filamentous Algal Biomass was analyzed using a two-way ANOVA (DF in table).

Cobble Sed. Mass

Chl a

AFDM

Filamentous Algal
Biomass

AI

61

Effect

F value

p-value

F value

p-value

F value

p-value

F value p-value F value DF p-value

Week

6.01

0.0003

5.90

0.0003

7.26

<0.0001

2.91

0.0266

N/A

Sediment

295.85

<0.0001

35.33

<0.0001

58.71

<0.0001

0.94

0.3359

2.96

1

0.1047

Grazing

176.62

<0.0001

51.41

<0.0001

194.81

<0.0001

0.08

0.7772

12.83

1

0.0025

Week*Sed

2.27

0.0692

1.60

0.1812

2.86

0.0287

0.23

0.9186

N/A

N/A

Week*Graz

14.69

<0.0001

7.49

<0.0001

15.90

<0.0001

2.61

0.0417

N/A

N/A

Sed*Graz

16.78

<0.0001

19.27

<0.0001

10.20

0.0020

6.68

0.0116

2.10

Week*Sed*Graz

0.85

0.4948

1.57

0.1897

1.27

0.2895

0.16

0.9585

N/A

N/A

1

0.1670
N/A
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Figure 1: Inorganic sediment mass per unit area (non-transformed data) collected from the periphyton
slurry subsamples averaged over the whole crayfish experiment. Bars not sharing a common letter are
statistically significantly different, based on log transformed data (p<0.0001). Error bars=±1 Standard
Error.
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Figure 2: Graphs represent averages of all treatment combinations (all sediment
and all grazing combinations) for each week of the crayfish grazing experiment.
Crayfish were added immediately after the week 0 rocks were collected. A.
Average chlorophyll a per week (p<0.0171). B. Average ash free dry mass per
week. C. Average autotrophic index per week (p<0.0001). Bars within each
graph not sharing a common letter are significantly different based on the log
transformed data. All error bars=±1 Standard Error.
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Figure 3: A. Chlorophyll a versus sediment treatments averaged for the whole crayfish
experiment (p<0.0204). B. Ash free dry mass by sediment treatment averaged for the
whole crayfish experiment (p<0.0001). Bars within each graph not sharing a common
letter are significantly different based on the log transformed data. All error bars=±1
Standard error.
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Figure 4: Graphs represent averages of all sediment treatments for the whole crayfish experiment. A. Chlorophyll a by
crayfish grazing treatment (p=0.0647). B. Autotrophic index by crayfish grazing treatment (p<0.0001). C. Ash free
dry mass by crayfish grazing treatment (p<0.0001). D. Filamentous algal biomass by crayfish grazing treatment
(p<0.0001). Bars not connected by a common letter within each graph are statistically significantly different based on
log transformed data. Error bars=±1SE.
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Figure 5: A. Average cobble sediment mass per week by snail grazing treatment (p<0.0001). B. Cobble sediment mass
per snail grazing treatment averaged for the whole experiment (p<0.0349). Bars within each graph not sharing a common
letter are significantly different based on the log transformed data. All error bars=±1 Standard Error.
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Figure 6: A. Average chlorophyll a per week by snail grazing treatment
(p<0.0396). B. Average ash free dry mass per week by snail grazing treatment
(p<0.0454). C. Autotrophic index (chl a/AFDM) per week by snail grazing
treatment (p=0.0169). Bars within each graph not sharing a common letter are
significantly different based on the log transformed data. All error bars=±1
Standard Error.
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Figure 7: A. Chlorophyll a by snail grazing and sediment treatment averaged for the whole experiment (p<0.0001). B.
Autotrophic index by snail grazing and sediment treatment averaged for the whole experiment. C. Ash free dry mass by
snail grazing and sediment treatment averaged for the whole experiment (p<0.0117). D. Mass of filamentous green algae
collected at the end of the experiment by snail grazing and sediment treatment. Bars within each graph not sharing a common
letter are significantly different based on the log transformed data. All error bars=±1 Standard Error.
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Figure 8: Graph shows the average ash free dry mass per sediment treatment for each week of the
experiment (non-transformed data). Bars not sharing a common letter are significantly different
based on the log transformed data (p<0.0164). Error bars=±1 Standard Error.

CONCLUSIONS
Natural gas drilling has many potential environmental impacts, and the increase in
drilling has expanded so rapidly that we may not be able to fully comprehend the impacts before
the problems become too pervasive. Drilling for natural gas has already been linked to increases
in sediment in surface flow near streams (Williams et al. 2008) and increases in stream turbidity
(Entrekin et al. 2011), both of which have been shown to negatively impact aquatic biota (Wood
and Armitage 1997) when they have been introduced into streams via other anthropogenic
processes such as urbanization (Paul and Meyer 2001). This study’s results indicate that natural
gas variables were correlated to decreasing crayfish abundance, but the power of the study is low
due to the small sample size and a short sampling timeframe. This result does however highlight
the importance of continued monitoring of streams and crayfish populations near gas wells in
order to document any negative impacts so that improvements may be made in the drilling
process to avoid further degradation of our watersheds.
While it is not clear whether or not sedimentation was the mechanism influencing
crayfish abundance in the streams with more natural gas wells in this study, it is known from
previous studies that increased sedimentation can negatively influence both algae (Waters 1995,
Steinman 1996, Wood and Armitage 1997, Izagirre et al. 2009) and grazers (Graham 1990,
Richards and Bacon 1994, Gayraud and Philippe 2003, Bo et al. 2007). Fewer studies had been
done to examine how sediment might impact how grazing affects algae (Power 1990, Pringle et
al. 1993, Schofield et al. 2004) and no studies had examined this relationship at sediment levels
equivalent to those seen from anthropogenic disturbance. This study found that the way
anthropogenic levels of sediment affects the grazer-periphyton interaction can differ based on
grazer type. This brings attention to the fact that there is still more that needs to be learned about
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how increasing sedimentation can impact not only aquatic biota individually, but their
interactions and other stream processes as well.

71

REFERENCES
Bo, T., Fenoglio, S., Malacarne, G., Pessino, M., and F. Sgariboldi. 2007. Effects of cloggin on
stream macroinvertebrates: an experimental approach. Limnologica 37:186-192.
Entrekin, S., Evans-White, M., Johnson, B., and E. Hagenbuch. 2011. Rapid expansion of
natural gas development poses a threat to surface waters. Frontiers in Ecology and the
Environment 9:503-511.
Gayraud, S. and M. Philippe. 2003. Influence of bed-sediment features on the interstitial habitat
available for macroinvertebrates in 15 French streams. International Review of
Hydrobiology 88:77-93.
Graham, A. A. 1990. Siltation of stone-surface periphyton in rivers by clay-sized particles from
low concentrations in suspension. Hydrobiologia 199:107-115.
Izagirre, O., Serra, A., Guasch, H., and A. Elosegi. 2009. Effects of sediment deposition on
periphytic biomass, photosynthetic activity and algal community structure. Science of
the Total Environment 407:5694-5700.
Paul, M. J., and J. L. Meyer. 2001. Streams in the urban landscape. Annual Review of Ecology,
Evolution, and Systematics 32:333-365.
Power, M. E. 1990. Resource enhancement by indirect effects of grazers: armored catfish,
algae, and sediment. Ecology 71:897-904.
Pringle, C. M., Blake, G. A., Covich, A. P., Buzby, K. M., and A. Finley. 1993. Effects of
omnivorous shrimp in a montane tropical stream: sediment removal, disturbance of
sessile invertebrates and enhancement of understory algal biomass. Oecologia 93:1-11.
Richards, C. and K. L. Bacon. 1994. Influence of fine sediment on macroinvertebrate
colonization of surface and hyporheic stream substrates. Great Basin Naturalist 54:106113.
Schofield, K. A., Pringle, C. M., and J. L. Meyer. 2004. Effects of increased bedload on algaland detrital-based stream food webs: experimental manipulation of sediment and
macroconsumers. Limnology and Oceanography 49:900-909.
Steinman, A. D. 1996. Effects of grazers on freshwater benthic algae. Algal Ecology
Freshwater Benthic Ecosystems. Academic Press.
Waters, T. F. 1995. Sediment in streams: sources, biological effects, and control. American
Fisheries Society Monograph 7.
Williams, H. F. L, Havens, D. L., Banks, K. E., and D. J. Wachal. 2008. Field-based monitoring

72

of sediment runoff from natural gas well sites in Denton County, Texas, USA.
Environmental Geology 55:1463-1471.
Wood, P. J. and P. D. Armitage. 1997. Biological effects of fine sediment in the lotic
environment. Environmental Management 21:203-217.

73

